Abstract Our recent study has demonstrated that hemoglobin (Hb) is present in cerebral neurons, and neuronal Hb is inducible after cerebral ischemia. In the present study, we examined the effects of intracerebral hemorrhage (ICH) on the messenger RNA (mRNA) levels of the α-globin (HbA) and the β-globin (HbB) components of Hb and Hb protein in the brain in vivo and in vitro. In vivo, male SpragueDawley rats received either a needle insertion (sham) or an infusion of autologous whole blood into the basal ganglia and were killed at different time points. In vitro, cultured rat brain cells were used for HbA, HbB, and Hb determination.
Introduction
Hemoglobins are heme proteins present in all groups of organisms, even those without a bloodstream. They carry out different functions, including transport of oxygen between tissues, intracellular oxygen transport, and catalysis of redox reactions [1] . Mammalian hemoglobin (Hb) is a heterotetramer of two α-globin (HbA) and two β-globin (HbB) polypeptides, with a heme tightly bound to a pocket in each globin monomer [2] . Mammalian Hb has been traditionally thought to be exclusively present in erythrocytes circulating in blood. Recent studies have demonstrated that Hb is expressed in cerebral neurons, and neuronal Hb can be induced by cerebral ischemia and ischemic preconditioning [3] [4] [5] .
ICH is a stroke subtype with high morbidity and mortality. After ICH, Hb is released from erythrocytes causing brain damage [6, 7] . Exogenous Hb can cause neuronal injury when injected into the brain [8, 9] or added to cultured cerebral cortical neurons [10, 11] . The effects of ICH on endogenous Hb expression (HbA or HbB) are unknown to date.
Heme is a structural component of Hb, which can be derived from exogenous Hb after ICH and transported into the cytoplasm of cells by binding to its transport protein hemopexin or haptoglobin [12] . Heme can be degraded into iron, carbon monoxide, and biliverdin by heme oxygenases. Hemin, an oxidized form of heme, has been shown to participate in the regulation of gene transcription and translation of Hb globin molecules and assembly of Hb [13, 14] . In the present study, we examined the change of endogenous Hb expression in the brain after ICH and the effects of hemin and iron on neuronal Hb.
Materials and Methods

Animal Preparation and Intracerebral Infusion
The University of Michigan Committee on the Use and Care of animals approved the protocols for these experiments. Adult male Sprague-Dawley rats (275-325 g; Charles River Laboratories, Portage, MI, USA) were used for this study. Rats were anesthetized with pentobarbital (40-50 mg/kg, i.p.). A polyethylene catheter (PE-50) was then inserted into the right femoral artery to monitor arterial blood pressure and blood gases and to obtain blood for intracerebral blood injection. Body temperature was maintained at 37.5ºC using a feedback-controlled heating pad. The animals were positioned in a stereotactic frame (Kopf Instruments, Tujunga, CA, USA), and a cranial burr hole (1 mm) was drilled. Autologous blood was infused into the right caudate nucleus through a 26-gauge needle at a rate of 10 μL/min using a microinfusion pump (Harvard Apparatus Inc., South Natick, MA, USA). The coordinates were 0.2 mm anterior and 3.5 mm lateral to the bregma and a depth of 5.5 mm. After intracerebral infusion, the needle was removed and the skin incision closed with suture.
Experimental Animal Groups
Rats received an intracerebral infusion of 100 μL autologous whole blood into the right basal ganglia. Sham rats had a needle insertion. In the first set, rats were killed at 1, 4, 24, or 72 h later (n=5, each time point) and brains were sampled by real-time polymerase chain reaction (PCR). In the second set, rats were killed at 1, 3, 14, or 28 days later, and brains were used for immunohistochemistry (n=3 each time point).
Cell Culture
Primary neuronal cultures were obtained from embryonic day-17 Sprague-Dawley rats (Charles River Laboratories, Portage, MI, USA). Cultures were prepared according to a previously described procedure with some modifications [15] . Briefly, cerebral cortex was dissected, stripped of meninges, and dissociated by a combination of 0.5% trypsin digestion and mechanical trituration. The dissociated cell suspensions were seeded onto poly-L-lysine precoated six-well plates in a density of 6×100,000/cm 2 . The cells were grown in neurobasal medium with 2% B27, 0.5 mM glutamine, and 1% antibiotic-antimycotic and maintained in a humidified incubator at 37ºC with 5% CO 2 .
Half of the culture media was changed every 3-4 days. The neurons were used for experiments after 7 days. Primary cultures of astrocytes and microglia were prepared from the brains of 1-3-day-old Sprague-Dawley rat pups [16] with some modifications. Cerebral cortex was isolated, meninges were removed, and the tissue was dissociated by trypsinization and plated on 75 mm 2 flasks in glial medium (Dulbecco's modified Eagle medium with 10% fetal calf serum, 0.5 mM glutamine and 2% antibioticantimycotic). The cells were kept at 37ºC with 5% CO 2 , and growth medium was changed every other day. Seven to 10 days after plating, the flasks were shaken at 200 rpm on a gyratory shaker for 1 h at 4ºC. After shaking, the flaskadherent cells were predominantly astrocytes, whereas the supernatant was composed of microglia and oligodendrocytes. The supernatant was plated onto 25-mm 2 flasks and returned to the incubator. Thirty minutes later, the medium was replaced with microglia culture medium (Dulbecco's modified Eagle medium with 10% fetal calf serum, 0.5 mM glutamine, and 2% antibiotic-antimycotic and 10 ng/mL macrophage colony-stimulating factor). The culture medium was changed every other day.
Treatment of the Cells
The in vitro studies were divided into three parts. In the first, primary cultured neurons, astrocytes and microglia were collected for real-time PCR and Western blot analysis. In the second part, neurons were treated with either vehicle or hemin (50 or 100 µM; Sigma, St. Louis, MO, USA). Cells were collected 24 h later for real-time PCR. In the third part, neurons were treated with hemin (50 µM) with or without deferoxamine (50 µM). Cells were analyzed by real-time PCR 24 h later.
Real-Time Quantitative Polymerase Chain Reaction
In the in vivo studies, rats were anesthetized and decapitated. The brains were quickly removed, and a 3-mm-thick coronal brain slice was cut approximately 4 mm from the frontal pole. The slice was separated into the ipsilateral and contralateral basal ganglia and then frozen in liquid nitrogen. In in vivo studies, the cell medium was removed, and plates were washed three times with phosphate-buffered saline (PBS). The cells were quickly scraped and collected by centrifugation at 4°C, then stored at −80°C.
Total RNA was extracted from the frozen brain tissue and cultured cells with Trizol reagent (Gibco BRL, Grand Island, NY, USA), and 1 μg RNA was digested with deoxyribonuclease I (DNaseI, amplification-grade, Gibco BRL Grand Island, NY, USA). Complimentary DNA was synthesized by reverse transcription mixing 1 μg of DNase I digested RNA (11 μL) with 14 μL reaction buffer (Perkin Elmer, Foster City, CA, USA) containing dNTP (dATP, dCTP, dGTP, and dTTP), 25 mmol/L MgCl 2 , 10× PCR buffer II, Random Hexamer Primer, RNase inhibitor, and MuMLV reverse transcriptase. The reaction was performed at 42°C for 30 min and terminated with a 5-min incubation at 99°C. Diethyl pyrocarbonate water (75 μL) was added to dilute the complimentary DNA to 100 μL, which was stored at −20°C for later use.
Real-time quantitative PCR was performed with SYBR green as a double-strand DNA specific dye using an Eppendorf Mastercycler EP Realplex (Eppendorf North America Inc., Westbury, NY, USA). The primers for rat hemoglobin α chain (HbA), β chain (HbB), and hemopexin were designed from known sequences of rat HbA-messenger RNA (mRNA) (GeneBank no. U29528), HbB-mRNA (GeneBank no. NM_033234), and hemopexin (GeneBank no. NM_053318) identified by PrimerQuest (Integrated DNA Technologies Inc., Coralville, IA, USA). The primers were as follows: rat HbA, 5′-TGATCC-ACTTCCT-TCTCTGCCCAA-3′ (forward primer) and 5′-ATCAGT TGCCCAAGTGCTTCTTGC-3′ (reverse primer); HbB, 5′-ATGGCCTGAAACACTTGGACAACC-3′ (forward primer) and 5′-TGGTGGCCCAAC-ACAATCACAATC-3′ (reverse primer); and hemopexin, 5′-AAATGGGACCAAGCCA GACTCAGA -3′ (forward primer) and 5′-TGTGATC CATGGTGGTAGCGTCAA -3′ (reverse primer). Primers for rat GAPDH, a housekeeping gene, served as a control. They were as follows: 5′-CCGTGCCAAGATGAAATT GGCTGT-3′ (forward) and 5′-TGTGCATATGTGCGTG TGTGTGTG-3′ (reverse). PCR reactions were run in triplicate on a 96-well plate with a total volume of 20 μL per well using 2.5× SYBR® Green universal master mix. Cycling condition were 2 min at 95°C, 30 s at 95°C, 30 s at 60°C, 1 min at 72°C, 40 cycles, and a melting-curve program (60-95°C with warming of 1.75°C per minute). The relative quantification analysis module was used to compare expression levels of a target gene. The expression levels were calculated using the ∆∆C T method [17] . Fold changes in gene expression of the target gene were equivalent to 2 
Western Blot Analysis
Cell medium was removed, and plates were washed three times with chilled PBS. The cells were quickly scraped and collected by centrifugation at 4°C, then stored at −80°C.
Western blot analysis was performed as described previously [18] . Cell samples were sonicated with Western blot lysis buffer. Protein concentration was determined using a Bio-Rad protein assay kit (Hercules, CA, USA). A 15-μg portion of protein from each sample was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a hybond-C-pure nitrocellulose membrane (Amersham, Piscataway, NJ, USA). Membranes were blocked in Carnation nonfat milk and probed with the primary and secondary antibodies. Rabbit polyclonal antihemoglobin antibody was used at a 1:1,000 dilution (Cappel, MP Biomedicals Inc., OH, USA). Detection was accomplished with goat anti-rabbit IgG (Bio-Rad, Hercules, CA, USA; 1:2,500 dilution). The antigen-antibody complexes were observed with the ECL chemiluminescence system (Amersham, Piscataway, NJ, USA). Membranes were stripped and reprobed with antibody against β-actin (Sigma, St Louis, MO, USA; 1:6,000 dilution). The relative densities of bands were analyzed with the NIH Image (Version 1.61).
Immunofluorescent Double Labeling
Rats were reanesthetized with pentobarbital (60 mg/kg, i.p.) and underwent intracardiac perfusion with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (pH 7.4). The brains were removed and kept in 4% paraformaldehyde overnight, followed by immersion in 30% sucrose for 3-4 days at 4°C. Specimens were then placed in embedding compound and sectioned (18-μm thickness) on a cryostat. Immunofluorescent double labeling was performed according to the method described previously [18] . The primary antibodies included rabbit anti-hemoglobin (Cappel, MP Biomedicals Inc., OH, USA; 1:100 dilution), mouse antiglial fibrillary acid protein (GFAP; Chemicon International Inc. Temecula, CA, USA; 1:100 dilution), mouse anti-rat neuronal nuclei (NeuN; Chemicon International Inc., Temecula, CA, USA; 1:100 dilution), and mouse anti-rat 
Hb Was Primarily Expressed in Neurons
Quantitative real-time PCR analysis revealed that the levels of mRNA for both HbA and HbB were higher in primary neurons compared to in primary astrocytes and microglia (p<0.05, Mann-Whitney U rank test, Fig. 1a, b) . Western blot analysis showed two Hb band clusters at approximately 10 and 30 kDa. Hb protein levels were markedly lower in primary cultured astrocytes and microglia compared to the neurons (Fig. 1c) .
ICH-Induced Hb Expression in Brain
Quantitative real-time PCR showed that HbA mRNA expression in the ipsilateral basal ganglia was increased and reached a peak at 4 h after ICH (Fig. 2a) . HbB mRNA expression in the ipsilateral basal ganglia also peaked at 4 h and remained at slightly higher levels 24 h after ICH (Fig. 2b ). There was a 14.5±6.2-fold increase in HbA mRNA and 93.7±71.3-fold increase in HbB mRNA in the ipsilateral basal ganglia at 4 h after ICH compared to shamoperated rats (p<0.05, Fig. 2c, d ).
Using immunohistochemistry, we found Hb-positive cells in the brains of both sham-operated and ICH rats. The negative control without primary antibody showed no immunoreactive signals. Double-labeling showed that approximately 61±9% NeuN-positive cells, 53±10% GFAPpositive cells, and 7±2% OX42-positive cells were Hb positive in the perihematomal area 3 days after ICH (Fig. 3) . In contrast, 36±3% NeuN positive cells, 12±3% GFAP-positive cells, and 6±1% OX42-positive cells were Hb positive in the sham animals.
Hemin Induced Neuronal HbA and HbB Upregulation
To further investigate the mechanism of ICH-induced Hb expression, primary cultured neurons were treated with either hemin (50 or 100 µM) or vehicle for 24 h. Quantitative real-time PCR showed a 44±21-and 61±12-fold increase in HbA mRNA compared to the control after treatment with 50 or 100 µM hemin, respectively (p<0.05, Fig. 4a ). HbB mRNA expression was also increased by 3.2±0.7 and 2.8±0.3 times, respectively (p<0.05, Fig. 4b ).
Hemin Increased Hemopexin mRNA Expression
Hemopexin is a transporter of heme. To determine the effect of hemin on hemopexin expression, neurons were exposed to hemin or vehicle for 24 h. Cells were then collected for real-time PCR. We found 3.6-and 4.6-fold increases of hemopexin mRNA after treatment with 50 and 100 µM hemin, respectively (p<0.05, Fig. 4c ).
Hemin-Induced Hb Expression was Partly Mediated by Iron
To test the effect of iron on hemin-induced Hb expression, primary cultured neurons were treated with or without an iron chelator, deferoxamine. Real-time PCR demonstrated that deferoxamine had no significant effects on HbA and HbB mRNA expression under control conditions (1.05± 0.23-fold to HbA mRNA in the control, p>0.05; 1.11± 0.45-fold to HbB mRNA in the control, p>0.05). However, hemin-induced HbA and HbB mRNA expressions were decreased by deferoxamine (Fig. 5a, b) .
Discussion
The main findings of this study are that: (1) HbA and HbB are mainly expressed in cultured neurons, with much lower expression in cultured astrocytes and microglia; (2) HbA and HbB mRNA levels in the basal ganglia are increased after ICH and Hb is localized in neurons and glia; (3) neuronal HbA and HbB mRNA expression is upregulated by hemin; (4) hemopexin mRNA levels in cultured neurons are also upregulated by hemin; and (5) [19] found that β-globin gene is induced by the treatment of lipopolysaccharide and interferon-γ in murine macrophages. Nishi et al. [20] demonstrated that Hb is expressed by mesangial cells in the kidney. Newton et al. [21] also reported the expression of Hb in alveolar epithelial type II cells of the lung. In addition, Hb has also been found in other sites of the brain, including hippocampus, cerebellum, and pituitary [19, [22] [23] [24] [25] [26] . In this study, we provide evidence of HbA and HbB expression as well as Hb protein in rat neurons and glia.
Our previous studies have demonstrated that neuronal Hb is inducible after cerebral ischemia or ischemic preconditioning [5] . In the present study, we found Hb-positive cells in the perihematomal area after ICH. Double labeling identified Hb-positive cells in the perihematomal area as neurons and glia. Hb in neurons and glia could be endogenous or derived from red blood cell lysis. To further confirm endogenous expression of Hb in the brain after ICH, quantitative real-time PCR was performed. We found local synthesis of HbA and HbB mRNA within neurons and glia has a role in ICH-induced endogenous Hb expression. The strong cytoplasmic expression of Hb in vivo (as opposed to surface staining) and the recapitulation of heme-product stimulated Hb gene induction in vitro also strongly support local synthesis of Hb gene products in ICH.
The biological function of endogenous Hb in the brain remains to be elucidated, but exogenous Hb is deleterious to the brain [7] . Exposure of neocortical neurons to Hb produces widespread and concentration-dependent cell death [10] , and Hb can cause cytotoxicity in rat cerebral cortical neurons [11] . Our previous studies have shown that intracerebral injection of Hb and its degradation products, including heme, induce brain injury [9] . Endogenous Hb has been shown to have a role in oxygen transport and nitric oxide [1] . It is possible that extracellular Hb activates deleterious cellular pathways, while intracellular Hb is protective. Future studies should determine the role of endogenous HbA and HbB in brain injury after ICH.
Heme is a structural component of hemoglobin. After ICH, heme is released from the hemoglobin. Extracellular heme can be transported into the cytoplasm of cells by binding to its transport protein hemopexin or heptoglobin [12] . Previous studies have shown that heme regulates the expression of α-and β-globin via transcriptional factor Bach 1 in erythroid cells [27, 28] . Hemin, the ferric chloride salt of heme, has also been shown to regulate gene expression of Hb and neuroglobin [13, 14, 29] . In this study, we found that neuronal HbA and HbB mRNA levels were markedly upregulated by hemin. Hemin also significantly increased hemopexin mRNA levels. These results suggest that ICH-induced Hb upregulation may be related to hemin. In addition, HbA mRNA levels were decreased after the treatment of thrombin, whereas HbB mRNA levels were increased compared to the controls, suggesting that α-and β-globin may have a different expression pattern.
Iron is another important component for Hb synthesis. Iron can be released from heme by heme oxygenase (HO). Two isoforms of HO have been identified in the brain. HO-1 is expressed in a very low level in the brain under normal condition. It is rapidly induced in glia cells after ICH [30] . HO-2 is constitutively expressed in neurons in the brain [31] . Our previous studies have shown that iron concentration in the brain can reach very high levels, and non-heme iron is not cleared from the brain within 4 weeks [30] . In the present study, we found that deferoxamine had no significant effects on HbA and HbB mRNA expression under the normal condition. Hemin-induced expression of HbA and HbB mRNA was decreased by deferoxamine, an iron chelator, suggesting that iron is involved in the regulation of hemin-induced Hb expression. However, the inhibitory effect of deferoxamine was incomplete, indicating that factors other than iron may participate in the regulation of hemin-induced Hb expression.
The upregulation of HbA and HbB mRNA expression by hemin suggests a mechanism by which the production of the globin molecules in neurons is coordinated with heme synthesis. In erythroid cells, heme regulates the levels of several proteins involved in Hb synthesis, including HbA and HbB [27, 28] , and it is tempting to speculate that a similar feedback mechanism occurs in neurons. In the setting of ICH, the upregulation in HbA and HbB in neurons may serve to buffer heme taken up into those cells as the hematoma resolves.
In conclusion, endogenous HbA and HbB expression is increased in the brain after ICH, which may be related to heme and iron stimulation. Endogenous neuronal hemoglobin has been found in rodent and human brain, and its function is still not clear [4, 5, 32] . It is important to understand the mechanisms behind alpha-and/or betaglobin-induced protective effects since they may lead to expedited strategies to treating ICH, cerebral ischemia, and Parkinson's disease by attenuating iron toxicity and oxidative brain injury [4, 5, 32] .
